The melt-filled pore structure in the final stages of solidification of cumulates must lie somewhere between the two end-members of impingement (in which pore topology is controlled entirely by the juxtaposition of growth faces of adjacent grains) and textural equilibrium (in which pore topology is controlled by the minimization of internal energies). The exact position between these two end-members is controlled by the relative rates of crystal growth and textural equilibration. For samples in which growth has stopped, or is very slow, textural equilibrium will prevail. A close examination of dihedral angles in natural examples demonstrates that these two end-member textures can be distinguished. The impingement endmember results in a population of apparent solid-melt dihedral angles with a median of $60 and a standard deviation of $25-30
The melt-filled pore structure in the final stages of solidification of cumulates must lie somewhere between the two end-members of impingement (in which pore topology is controlled entirely by the juxtaposition of growth faces of adjacent grains) and textural equilibrium (in which pore topology is controlled by the minimization of internal energies). The exact position between these two end-members is controlled by the relative rates of crystal growth and textural equilibration. For samples in which growth has stopped, or is very slow, textural equilibrium will prevail. A close examination of dihedral angles in natural examples demonstrates that these two end-member textures can be distinguished. The impingement endmember results in a population of apparent solid-melt dihedral angles with a median of $60 and a standard deviation of $ [25] [26] [27] [28] [29] [30] , whereas the texturally equilibrated end-member population has a median of $28 and a standard deviation of $14 . For the specific case of cumulates in the Rum Layered Intrusion, residual porosity in troctolitic cumulates was close to the impingement end-member, whereas that in peridotites was close to meltbearing textural equilibrium. Suites of glass-bearing samples from small, or frequently disturbed, magma systems show modification of initial impingement textures. These modifications may be a consequence of textural equilibration or of diffusion-limited growth during quenching. Distinction can be made between these two processes by a consideration of grain shape. The geometry of interstitial phases in suites of fully solidified cumulates from the Rum Layered Intrusion shows variable approach to sub-solidus textural equilibrium from an initial state inherited by pseudmorphing of the last melt. Textural equilibration at pore corners occurs as a continuous process, with a gradual movement of the entire dihedral angle population towards the equilibrium final state. If the initial, pseudomorphed state is one of disequilibrium (i.e. a melt-present impingement texture) this change is accompanied by a reduction in the spread of the population. If it is one of equilibrium, the change is accompanied by an initial increase in the spread of the population, followed by a decrease. These observations demonstrate that previously published models of dihedral angle change involving the instantaneous establishment of the equilibrium angle in the immediate vicinity of the pore corner are incorrect.
INTRODUCTION
The residence of magma in crustal chambers plays a vital part in the final composition of erupted lavas. This is because separation of crystals and residual liquid during cooling in the chamber results in chemical fractionation. A full understanding of the way magma chambers operate thus depends on a good understanding of the formation and development of crystal mushes forming at the thermal boundary layers of the chamber. Field observations of dissected basic and ultrabasic intrusions demonstrate that the most important of these boundary layers is the chamber floor (Hunter, 1996) .
Cumulate development is a problem generally approached via a detailed study of textural relationships between minerals. Wager et al. (1960) developed a descriptive model based on the distinction between primary cumulus grains and post-accumulation interstitial grains that formed directly from the intergranular liquid phase. There has been much discussion and development of this early paradigm (e.g. McBirney & Hunter, 1995) , with some workers pointing out that cumulus material may have grown in situ (e.g. Campbell, 1978; Maaløe, 1987) , and not in the bulk of the chamber (or at the chamber roof ) with the subsequent gravity-driven settling on the floor implicit in the model of Wager et al. (1960) (e.g. Irvine, 1987; Tepley & Davidson, 2003) . Furthermore, Hunter (1987) suggested that some grains with apparent cumulus character may have begun life as post-cumulus interstitial material, with significant later change in shape driven by the reduction of interfacial energies.
Irrespective of the precise location of growth of cumulus crystals, it is clear that at any time the melt-filled pore structure in a crystal mush must lie somewhere between two possible end-members (Fig. 1) . One of these end-members is controlled by the growth and impingement of crystals. In such a mush, the melt-filled pores are bounded by growth faces of the adjacent crystals, with a shape controlled by the relative orientation and shape of the impinging grains. The other is one in which pore shape is controlled by the minimization of interfacial energies; that is, it is texturally equilibrated.
This concept is the poly-crystalline analogue of the two possible end-member types of crystal shape for a grain suspended in an isotropic medium: one dominated by growth kinetics [which commonly results in planar faces, although these may be unstable relative to cellular and a high standard deviation. This is termed an impingement texture. If the mush were then to equilibrate, the meltsolid-solid dihedral angle population will move towards one of low median and low standard deviation. For mushes containing a single solid phase with no anisotropy of interfacial energy, the standard deviation of this population would be zero. If the mush were to solidify, with pseudomorphing of the original melt-filled pore structure by a solid phase, then the dihedral angle population moves towards that of solid-state equilibrium, for which the dihedral angle population has a mean value of $120 and a low standard deviation. (b) For the case in which an original, texturally equilibrated, meltfilled porosity is pseudomorphed by a solid phase, the transition from the inherited dihedral angle population towards solid-state equilibrium will involve an initial increase in standard deviation as a result of variable equilibration rates within the system. Schematic diagrams showing the different topology of the interstitial phase (either melt or solid) are based on the assumption of complete textural equilibration, whereas in fact the dihedral angle population will arrive at the new position before the surface curvature can completely adjust.
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forms (Tiller, 1991; Jamtveit & Andersen, 1992) ]; and the other dominated by the minimization of interfacial energy. The latter is a sphere for a perfectly isotropic substance, but anisotropy of interfacial energies results in the stabilization of flat facets, which may coexist with curved surfaces or cover the entire surface area of the grain (Herring, 1951a) . Because the growth form is a function of growth rate and mechanism, and the composition of the growth medium (Donaldson, 1976; Swanson & Fenn, 1986; Didymus et al., 1993; Faure et al., 2003) , in general the growth form will not be the same as the equilibrium form.
Because crystal shapes controlled by growth kinetics may be distinguishable from equilibrium shapes, crystal shape can be used to distinguish between an impingement texture and an equilibrated texture. Such a distinction is based on the understanding that planar faces may be a result of growth, and do not necessarily appear in the equilibrium form. With the relatively well-known extent of anisotropy of silicate minerals (e.g. Kretz, 1966; Laporte, 1994; Lupulescu & Watson, 1999) , one would expect the transition from an impingement texture towards equilibrium to involve some rounding of the crystals [although some facets will remain if they are present in the equilibrium form (Herring, 1951a; Cahn & Handwerker, 1993) ].
The actual topology of the melt in the last stages of solidification, whether it is controlled by impingement or textural equilibrium, plays an important role in cumulate development. This is because the physical characteristics of a mush with an impingement texture are very different from those with a fully equilibrated fluid-bearing texture (at least for systems with low anisotropy, in which texturally equilibrated grains are significantly rounded), with significant differences in permeability-porosity relationships at low melt fractions. The percolation threshold of a mush with an impingement texture is believed to be in the region of 8-11 vol. % (Cheadle et al., 2004) , rather than the infinitesimally low percolation threshold expected for fully equilibrated (isotropic) geologically relevant mushes, or thresholds in the region of 0Á05-0Á3 vol. % for fully equilibrated, realistically anisotropic, systems (Brenan, 1993; Minarik & Watson, 1995; Maumus et al., 2004) .
Under conditions where growth forms dominate, the angle subtended at pore corners in a crystal mush (the apparent dihedral angle) will have a median value of 60 if the crystals impinge at random orientations (as the sum of internal angles in a triangle is 180 ) (Elliott et al., 1997) . The population of angles will have a high standard deviation about the mean (Elliott et al., 1997; Fig. 1) . For a texturally equilibrated mush, the population of dihedral angles is controlled by the balancing of the two interfacial energies involved: the grain boundary energy between the two grains of the same phase, g b , and the energy of the interface between the two different phases, g i . For isotropic materials the angle is given by g b ¼ 2g i cosðQ=2Þ (Smith, 1948) , but because most materials of interest to geologists have significant anisotropy of interfacial energy (e.g. Kretz, 1966; Vernon, 1968; Laporte et al., 1997) , the equation above is modified to incorporate torque forces that act to rotate interfaces to lower energy orientations (Herring, 1951b; Hoffman & Cahn, 1972; Cahn & Hoffman, 1974) . This results in stabilization of planar interfaces at pore corners (e.g. Kretz, 1966; Vernon, 1968; Laporte & Watson, 1995; Cmíral et al., 1998; Lupulescu & Watson, 1999; Laporte & Provost, 2000) , and a range of possible equilibrium angles, depending on the relative orientation of the solid grains (Herring, 1951b; Laporte & Provost, 2000) .
The low energy of solid-melt interfaces compared with typical grain boundary energies results in low dihedral angles with median values <60 (e.g. Waff & Bulau, 1979; Bulau, 1982; Toramaru & Fujii, 1986; von Bargen & Waff, 1988; Laporte, 1994; Faul, 1997; Wark et al., 2003; Maumus et al., 2004) . The presence of curved interfaces, even in relatively anisotropic minerals such as amphibole (Vernon, 1968; Laporte & Watson, 1995; Lupulescu & Watson, 1999) , shows that the anisotropy of geological materials may not be sufficient to stabilize completely faceted grains, and so the standard deviation from the mean dihedral angle is likely to be low. For example, the anisotropy of the anorthite-silicate melt system results in a standard deviation of $12 (Laporte & Provost, 2000) . For completely solid aggregates, similarities in both the structure and composition of adjacent silicate phases lead to similar interfacial energies, and hence dihedral angles of $120
. Typical values fall in the range 100-140 (e.g. Kretz, 1966; Vernon, 1968 Vernon, , 1970 Fig. 2a) . Standard deviations are generally in the range 10-20 (Vernon, 1968 (Vernon, , 1970 Fig. 1) . As growth-controlled crystal forms and pore structures will tend to dominate during the early stages of solidification, when growth rates may be high, populations of dihedral angles in the early history of a mush are likely to be controlled by impingement. Subsequent modification of grain shape and pore structure driven by internal energy minimization will drive the population towards one of lower angle and lower standard deviation (Fig. 1) . If the mush solidifies, with pseudomorphing of the porosity by a late-crystallizing phase (e.g. Platten, 1981; Harte et al., 1991; Holness & Clemens, 1999; Sawyer, 1999 Sawyer, , 2001 Rosenberg & Riller, 2000; Holness & Watt, 2001) , subsequent textural modification must drive the population of dihedral angles at the corners of the pseudomorphed pores away from the inherited distribution towards one of solid-state textural equilibrium. For a pseudomorphed impingement texture this involves an increase of median angle and a decrease of the standard deviation (Fig. 1) . For a pseudomorphed equilibrium texture, solid-state equilibration involves an increase in median, together with an initial increase in the standard deviation as different parts of the rock equilibrate at different rates (Fig. 1) .
These changes in dihedral angle, either during meltpresent textural equilibration of an original impingement texture, or during solid-state modification of an inherited angle population, represent a problem of great importance to metallurgy and there is a significant literature on the subject, most concerning the specific example of grain boundary grooving. Grain boundary grooving occurs when a grain boundary intersects the planar surface of an experimentally prepared sample at a high angle. At the surface of the sample, the initial solid-solid-vapour dihedral angle is 180 , higher than the equilibrium angle, which, for metals, is $140-160 (e.g. Mullins, 1994) . Textural equilibration proceeds by the formation of a groove along the exposed grain boundary by a combination of surface, grain boundary and volume diffusion, to establish the lower, equilibrium dihedral angle.
The theory underpinning the literature is based on the boundary condition of a fixed dihedral angle at the base of the evolving groove; that is, the instantaneous establishment of the equilibrium dihedral angle in the immediate vicinity of the pore corner (Mullins, 1957) . According to the accepted theoretical framework, equilibration then involves the propagation of the new surface curvature outwards, together with a deepening of the groove. The shape of the groove remains constant as it grows. In theory, therefore, it should always be possible to observe the solid-state equilibrium angle in fully solidified cumulates, provided the observations are made at sufficiently high magnification. However, in solid cumulates displaying clear evidence of sub-solidus textural change, there is no evidence for the ubiquitous establishment of the solid-state equilibrium angle (Fig. 2) . Instead, the angle is generally intermediate between that of the inherited solid-solid-liquid angle and the equilibrium solid-state angle. Preliminary examination of such junctions with the scanning electron microscope shows that this intermediate angle, which is established at the break in slope clearly visible with an optical microscope, extends to within 0Á1 mm of the junction itself. We do not believe it is plausible that there is another change in slope in the immediate vicinity of the pore corner, establishing the equilibrium angle on scales smaller than 0Á1 mm. Support for the idea that angles change via a continuous series of intermediate steps, rather than by the instantaneous establishment of the higher angle coupled with outwards propagation of the new surface curvature, is provided by high-magnification observations of tungsten surfaces (Zhang et al., 2002) . In this study we argue that change in dihedral angle occurs by a gradual process over a large ( $10 mm) distance from the grain junction, without instantaneous establishment of the equilibrium angle, akin to the opening or closing of a book. The importance of understanding the process of textural equilibration, quite apart from the physical fundamentals of the process, is the possibility of using partially equilibrated textures to calibrate the rates of geological processes. Because the extent to which the dihedral angle changes is a function of thermal history, if we understand the process we can obtain rate laws that will provide a temporal framework for textural evolution. Holness (2005) has shown that observed dihedral angles in cumulates from a single intrusion vary significantly. She suggested that these variations provide information about the rate of upwards movement of the solidification front and the influence of later influxes of hot replenishing magma into the chamber. A sound qualitative and quantitative understanding of the change in dihedral angle could thus be a powerful tool in understanding magma chamber evolution.
One of the aims of this study is to show that it is possible to determine, from dihedral angle populations and considerations of crystal shape, which end-member pore structure dominated the melt topology immediately prior either to complete solidification (for solidified cumulates that have not experienced later deformation or metamorphism), or to entrainment and eruption (for incompletely solidified igneous enclaves). We show that suites of related rocks lie on well-defined continua between an unequilibrated, growth-controlled, starting point and full textural equilibrium (at least in the immediate vicinity of pore corners and three-grain junctions). We also show that dihedral angle populations record information about late-stage crystal growth in open-system magma chambers and the sub-solidus cooling histories of cumulates. To achieve this we demonstrate that the currently accepted model for dihedral angle change is incorrect.
ANALYTICAL METHODS
Following the metallurgists, who pioneered work in this field using opaque materials, geologists have generally measured dihedral angles using a conventional, flatstage, microscope or by analysis of images generated by scanning electron microscopy. This method relies on measuring a population of angles on a randomly oriented two-dimensional section through the material. For samples containing a single true value of the dihedral angle it can be shown that the median of a population of these angles is within 1 of the true three-dimensional (3-D) angle (Harker & Parker, 1945; Riegger & Van Vlack, 1960) . For other samples, including those of geological interest, sophisticated statistical techniques are required to constrain the range of true equilibrium angles (e.g. Jurewicz & Jurewicz, 1986) . Despite the fact that the problem can be neatly circumvented by the use of the Universal Stage on an optical microscope (Vernon, 1997) , there have been very few published attempts to use this technique (e.g. Kretz, 1966; Vernon, 1968 Vernon, , 1970 Holness, 2005) .
Given the effect of surface energy anisotropy, and the significance of the information contained within the actual population of true 3-D dihedral angles, we have concentrated exclusively on measurements obtained with a Universal Stage. We used a four-axis Leitz Universal Stage, mounted on a James Swift microscope. This combination permits up to 40 rotation of the thin-section from the horizontal, and allows accurate measurement of about half of the dihedral angles present in the sample, with an error on each measurement of a few degrees. We consider that this method can be used to obtain a representative population of angles in samples without a preferred crystal orientation. We measured between 30 and 110 angles in each sample, with a magnification of Â300.
The dihedral angles we have measured are those of either glass or the last-formed crystalline phase, in contact with a variety of solid phases (plagioclase, amphibole and clinopyroxene). The last-formed crystalline phase is generally clearly distinguishable as interstitial, and forms either small wedges of material between the earlier formed grains or large poikilocrysts. For comparison we have also measured dihedral angles in rocks that are probably at, or close to, textural equilibrium.
CHOICE OF SAMPLES
In an exactly analogous manner to metamorphic petrography, which is at least in part dependent on the observation of incomplete reactions, the decoding of textural evolution is reliant on the study of rock suites that have not attained textural equilibrium. For cumulate rocks, such suites are to be found in small magma chambers [e.g. the conduit-dominated fractionation in the Kula Volcanic Province, Western Turkey (Holness & Bunbury, in preparation)], or in larger magma chambers that are either subject to frequent disturbance by replenishment and eruption events (e.g. the 5 km diameter active opensystem chamber underneath the Kameni Islands, Santorini, and the 8 km diameter open-system chamber of the Rum Igneous Complex), or in which cool, latestage melts circulated (Skaergaard intrusion, Greenland).
Most of the samples studied form part of a continuing project on cumulate textural evolution (e.g. Holness, 2005) and come from the Isle of Rum, Scotland. The bulk of the 8 km diameter current exposure of this Palaeocene igneous centre comprises a series of well-defined layers of alternating peridotite (strictly these olivine cumulates are feldspathic peridotites) and feldspar-rich rocks [for a detailed description the reader is referred to Emeleus (1997) ]. The latter comprise troctolites and gabbros, and are collectively known by the local name of allivalite. The sequence of crystallization in the Layered Suite of the Rum magma chamber was olivine (and spinel) ! olivine þ plagioclase ! olivine þ plagioclase þ clinopyroxene ! minor hydrous phases (such as brown mica and amphibole). For this study we concentrate on samples from the eastern part of the Layered Suite.
Further samples are from the Quaternary Kula Volcanic Province in western Turkey. This continental rift terrane contains approximately 80 monogenetic volcanic cones (Richardson-Bunbury, 1996) . The volcanism consists of small, alkaline, hydrous magma batches (each with a volume of $0Á01 km 3 ) generated by extension, with a plumbing system that generally solidifies completely between eruptions. However, a small subset of the cones contains abundant enclaves derived from the crystal mush developed on the margins of the plumbing system during fractionation of earlier erupted lavas (Holness & Bunbury, in preparation) . The enclave population is dominated by almost monomineralic, glassbearing, amphibole cumulates, some of which contain variable amounts of clinopyroxene and apatite.
Samples also include a group of glass-bearing andesitic enclaves from the Kameni Islands, Santorini. The Santorini volcano lies above a subduction zone, and the post-caldera lavas forming the Kameni islands are derived from a cool, long-lived, shallow magma chamber that has produced essentially identical dacitic lavas for the last 2000 years. The enclaves are thought to be derived from layers of aphyric replenishing magma intruded at the base of the active chamber (Martin et al., 2003) . Crystallization in the replenishing layer, driven by thermal equilibration with the resident dacite, resulted in a density inversion that precipitated convective overturn and eruption, with entrainment of incompletely crystallized andesitic enclaves (Martin et al., 2003) .
Samples of glass-bearing, crystal-rich, enclaves were collected from the basaltic Borgahraun flow from the Theistareykir segment of the Northern Volcanic Zone of Iceland. The host magma is Mg-rich ( $12Á5 wt % MgO), and K-poor, and was generated by large-fraction mantle melting on the ridge axis. It fractionated at depths of 20-30 km in the mantle before eruption, with a crystallization order olivine ! olivine þ clinopyroxene ! olivine þ clinopyroxene þ plagioclase. The crystal-rich enclaves are small (<1 cm diameter) and include gabbros, wehrlites and troctolites [for details see Maclennan et al. (2003) ].
The enclave suites were augmented by two Tertiary lavas from the Isle of Mull, Scotland. These felsic lavas (one a pitchstone, the other an innimorite) contain clots of plagioclase phenocrysts with fine-grained interstitial material. The matrix of neither rock is glassy, but is sufficiently fine-grained for the plagioclase grain boundaries to be clearly defined. A similar sample is from a picritic dyke from the Isle of Rum, collected by J. McClurg (McClurg, 1982) and generally known as M9 (e.g. Upton et al. 2002) , which contains abundant clots of olivine set in a fine-grained matrix.
The final set of samples is a diverse group of coarsegrained material with the typical characteristics of textural equilibrium. It includes granulites, mantle nodules and cumulates from large mafic intrusions. This set of samples was used to determine the values of sub-solidus dihedral angles.
TEXTURAL OBSERVATIONS: GLASS-BEARING ROCKS Kula
A set of enclaves was chosen containing abundant fresh glass and unaltered crystals. The amount of glass is variable, and heterogeneously distributed at the scale of a thin-section. Pockets rich in glass are adjacent to virtually glass-free regions. The crystalline phases are amphibole, clinopyroxene and apatite. The amphibole is a brown, pleochroic, compositionally zoned, kaersutite, commonly equant with well-formed crystal faces. The clinopyroxene is a titanium-rich diopside, forming equant, compositionally zoned grains. In some samples the amphibole grains display no change in surface curvature at two-grain junctions (Fig. 3a) , suggestive of a dominance of growth kinetics in controlling the pore shape. However, in a few samples the amphibole forms clusters of rounded grains set in interstitial glass (Fig. 3b) , with grain shapes more reminiscent of an approach to the equilibrium form [such as that developed by the smaller grains in the experiments of Lupulescu & Watson (1999) ]. In these samples, the surfaces at many pore corners are curved.
Two sets of dihedral angle measurements were made: amphibole-amphibole-glass, and clinopyroxeneclinopyroxene-glass. It was possible to measure both in only four of the 11 enclaves examined. The amphiboleamphibole-glass dihedral angles show great variability between enclaves. Those with little sign of surface curvature at two-grain junctions provide a population with a median of $60 and a standard deviation of $25 , whereas those with rounded grains and some surface curvature at pore corners have a much lower median dihedral angle of $30 and a correspondingly low standard deviation of $16
. Most of the samples fall between these two endpoints.
The clinopyroxene-clinopyroxene-glass dihedral angles also show variability between enclaves, with the range of median values from 39 to 65 . The standard deviation is in the range [18] [19] [20] [21] [22] , with no correlation with the median. Clinopyroxene generally has a higher median value of dihedral angle than the coexisting amphibole.
Santorini
The andesitic enclaves from the dacite lava flows forming the Kameni Islands contain up to 50 vol. % glass, with a crystalline fraction dominated by a coarse framework of elongate, tabular plagioclase crystals (Fig. 4a) , and subsidiary clinopyroxene and titanomagnetite. Adjacent plagioclase crystals in the framework have well-defined grain boundaries, with grain clusters suggestive of a certain degree of heterogeneous nucleation. The edges of the plagioclase grains are marked by a well-defined outer zone of slightly more albitic material (An 20-60 compared with the core composition of An 50-71 ), which is clearly visible optically ( Fig. 4c and d) . The ends of most of the plagioclase grains have hopper-like extensions, which appear as elongate extensions in thin-section (Fig. 4b) , and occur entirely within the marginal zone. Close inspection of the contacts between any two plagioclase grains reveals the development of surface curvature on the otherwise planar crystal faces ( Fig. 4c) : some junctions have deep incisions along the grain boundary. These incisions are deepest where the junction between the two grains is at a low angle, and always occur entirely within the marginal zone ( Fig. 4c and d) . They are identical in form to features developed in biotite-silicate melt aggregates during quenching of experimental run products (Laporte & Watson, 1995) . Following Laporte & Watson (1995) , we interpret the incisions as a result of diffusion-limited growth during a period of rapid crystallization, linked most plausibly to the quenching involved in convective overturn of the andesitic layer. Measurement of the angle developed within the incisions at junctions between two plagioclase grains results in a wide range of populations with medians of 32-51
, with corresponding standard deviations of 13-28 . Because the quench growth is clearly visible optically, the Kameni enclaves also provide an opportunity to determine what the angles were before the rapid growth event. Measurement of the angle subtended between adjacent plagioclase grains far from their mutual junction results in a population with a median angle of $60
, and a standard deviation of 25-30 .
TEXTURAL OBSERVATIONS: CRYSTAL CLOTS IN LAVAS Iceland
The small enclaves and crystal clots show great variation of both modal composition and texture (Maclennan et al., 2003) . Some are fully crystalline, whereas others contain glass. In the troctolitic and gabbroic clots, olivine forms rounded to sub-rounded grains, commonly showing undulose extinction indicative of deformation, in a matrix of tabular plagioclase. The plagioclase has neither quench growth nor development of surface curvature. Clinopyroxene is commonly interstitial, and in some samples incompletely fills the otherwise glass-bearing porosity. Dunitic crystal clots, composed entirely of olivine, tend to show signs of textural equilibration such as rounding of grains and smooth, curved, surfaces near pore corners (Fig. 5a ). In these enclaves, the olivine-olivine-glass dihedral angles form a population with a median of 27 and a standard deviation of 13 .
Rum
The picritic dyke, M9, contains abundant olivine phenocrysts and glomerocrysts. Although many of the olivine grains have prominent crystal faces, they also have curved regions, indicative of an approach to the equilibrium form (Fig. 5b) . In particular, many of the grain junctions show surface curvature. The groundmass of M9 is commonly assumed to be a possible parental magma for the Layered Suite on Rum (e.g. McClurg, 1982; Upton et al., 2002) . As such, the olivine-olivine-groundmass dihedral angle population is a plausible contender for the olivine-olivine-melt angle 
Mull
Clots of plagioclase crystals in the two Mull lavas (Fig. 5c ) include crystals with variable shapes, although all show some areas of curvature. In particular, the corners of the generally tabular grains are curved, in contrast to the complete lack of curvature on the pre-quench shape of the Kameni plagioclase. We consider that this difference in shape reflects a difference in the extent of equilibration between the two sets of samples, with the Kameni crystal shape dominated by growth, and the Mull crystal shape indicating progress towards equilibrium. Curved twograin junctions are common. Both samples yield indistinguishable populations of plagioclase-plagioclasegroundmass dihedral angles with a median of 27-28
and standard deviation of 15 .
TEXTURAL OBSERVATIONS: GLASS-FREE CUMULATES
The samples in this category are all from the Rum Layered Suite. We confined observations to two pairs of minerals: olivine-clinopyroxene, and plagioclaseclinopyroxene. The olivine-clinopyroxene observations were made exclusively on the peridotite members of the Layered Suite. In these rocks the olivine forms cumulus grains, which range from high aspect-ratio plates to more equant forms, commonly aligned to form a pronounced igneous layering with evidence of intracrystalline deformation linked to compaction (e.g. Hunter, 1996; Barnes & Maier, 2002) . The intercumulus phase is either plagioclase or clinopyroxene. The clinopyroxene commonly forms large poikilocrysts enclosing several hundred olivine grains. Some of these enclosed grains are smaller and spaced further apart than olivine grains outside the poikilocryst. Pockets of primary magmatic hydrous and 30 . The junctions with low observed angles have smoothly curved olivineclinopyroxene grain boundaries (Fig. 2b) whereas those with higher observed angles have a change in curvature as the junction is approached (e.g. Fig. 2c ).
Spatial information on the variation of olivine-olivineclinopyroxene dihedral angles is provided by detailed analysis of single, large poikilocrysts. Figure 6 shows a drawing of a region of peridotite in which the interstitial material is formed of three contiguous clinopyroxene poikilocrysts. All possible dihedral angles were measured (allowing for the common presence of thin films of clinopyroxene separating olivine grains, minor alteration and the maximum rotation capacity of the Universal Stage mounted on the James Swift microscope). Those from the very edges of the poikilocryst form a population with a median of 38 and a standard deviation of 23 , those from the outermost zone (arbitrarily chosen, and shown in Fig. 6 ) have a median of 67 and a standard deviation of 24
, and those from the central part have a median of 75 and a standard deviation of 23 . Although we cannot be sure of the 3-D shape of the poikilocrysts, the observed increase in median angle from the edges to the central (at least in the plane of the thin-section) region is significant (according to the Mann-Whitney U test).
The range of olivine-olivine-clinopyroxene dihedral angles in a texturally equilibrated rock was determined from a coarse-grained, non-deformed mantle nodule from the Eifel in Germany. This gave a median value of 115 with a standard deviation of 16 . The gabbroic allivalites are dominated by cumulus clinopyroxene with laths of plagioclase. A pronounced igneous foliation is defined by the alignment of plagioclase. The cumulus clinopyroxene grains commonly have elongate extensions along plagioclase-plagioclase grain boundaries (Fig. 7a) . In the troctolitic members of the allivalite horizons, the cumulus phases are olivine and plagioclase. Clinopyroxene forms interstitial wedges between plagioclase laths, or continuous rinds around cumulus olivine grains (Fig. 7b) . Clinopyroxene may also form large (up to 1 cm diameter) poikilocrysts enclosing randomly oriented plagioclase grains. The igneous foliation wraps around these poikilocrysts.
The plagioclase-plagioclase-clinopyroxene angle in the allivalites, both gabbroic and troctolitic, has been studied in detail by Holness (2005) . The median value ranges from about 60 (SD $25 ) to 110 (SD $20 ), with variations in dihedral angle from the base to the top of individual allivalite units. Most of each allivalite unit has a relatively constant population of dihedral angles (with medians in the range [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] ) with the topmost few decimetres showing an increase in angle ascribed to the thermal effects of the overlying peridotite (Holness, 2005) . The base of some allivalite horizons has much , thought to be due to late-stage infiltration of melt from underlying horizons (M. B. Holness, unpublished data, 2004) . In the vicinity of a large, late-stage, peridotite intrusion, dihedral angles depart significantly from this pattern, with large variations in the median values from the expected constant range of 80-90 (Holness, 2005) . There is no correlation between bulk composition (in particular, the modal amount of clinopyroxene) and dihedral angle. There is no correlation between dihedral angle and whether the clinopyroxene is interstitial or cumulus. In common with the poikilocrysts in the peridotites, the central regions of clinopyroxene poikilocrysts in the allivalites have significantly higher plagioclaseplagioclase-clinopyroxene dihedral angles (with medians >100 ) than the interstitial material outside the poikilocrysts (medians $90
). The higher angles are associated with rounding of the corners of the plagioclase grains. This points to a greater extent of textural equilibrium in the centres of the poikilocrysts compared with outside (e.g. Kretz, 1966; Vernon, 1968) .
The equilibrium population of plagioclaseplagioclase-clinopyroxene dihedral angles was determined from a texturally equilibrated granulite (sample 11787, Harker Collection, Cambridge University, collected from Perugar, Madura district, south India). A population of 100 true 3-D angles ranged from 68 to 150 , demonstrating a significant crystallographic control (i.e. interfacial energy anisotropy) on the position of the grain boundaries in clinopyroxene-plagioclase aggregates. The population is unimodal, with a median of 114 , a mode of 116
, and a standard deviation of 17 . These results are consistent with those of Vernon (1968 Vernon ( , 1970  Fig. 7 ).
INTERPRETATION OF TEXTURAL OBSERVATIONS Crystal clots in lavas
The measurements of solid-solid-melt dihedral angles determined from the crystal clots in lavas are indistinguishable, with medians of 27-28 and standard deviations of [13] [14] [15] , despite the range of crystalline solids (olivine and plagioclase) and magma composition (basic and silicic). Although the dataset is small, this represents a 
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JOURNAL OF PETROLOGY VOLUME 46 NUMBER 8 AUGUST 2005 departure from previously reported results from experimental determinations of dihedral angle, which vary widely, even for the same solid-melt combination. For example, for anorthite-silicic melt, Longhi & Jurewicz (1995) reported a mean angle of 45 , whereas Laporte et al. (1997) reported a mean of 28 , with a standard deviation from the mean of 12 (Laporte & Provost, 2000) . This last result is indistinguishable from our measurements of plagioclase-plagioclase-melt angles in natural samples. In contrast, our value for the median olivine-olivine-melt dihedral angle lies in the middle of the range of experimental median values, which range from 49 (Toramaru & Fujii, 1986 ) to 0-10 [Cmíral et al. (1998) , although Laporte & Provost (2000) considered their reporting to be biased towards lower angles].
The reason for the wide range in published values is unlikely to reflect the effects of the small differences in melt composition between different studies. Laporte (1994) reported lower angles for wet melts compared with dry melts, and although this may account for the large difference between the result of Longhi & Jurewicz (1995) (45 for a dry melt) and Laporte et al. (1997) (28 for a wet melt), we consider it possible that high reported angles reflect a departure from textural equilibrium in the experimental charges, with some control of pore geometry by crystal growth. It is perhaps significant that the lowest angles for the olivine-basalt system [even accounting for the bias pointed out by Laporte & Provost (2000) ] are derived from unusually long experimental durations (Cmíral et al., 1998) , and it is highly likely that the presence of H 2 O in the melt will enhance diffusion and thus equilibration rates, resulting in lower angles for similar run durations for the anorthite-melt system. We consider it plausible that magmas erupted from large chambers, in which cooling rates were slow, are likely to contain crystal clots with pore geometries with a close approach to equilibrium. In any case, the general similarity of our observations of solid-solid-melt dihedral angles to those obtained from experimental determinations of solid-solid-melt angles in silicate systems gives us confidence that we have a good constraint on the equilibrium position for meltbearing silicate systems. Melt-bearing equilibrium results in a low median solid-solid-melt dihedral angle and a low standard deviation (Fig. 8 ). This contrasts with solidstate equilibrium, which results in a high median angle and low standard deviation, with a range of possible populations dependent on which crystalline phases are involved. The range of median and standard deviations in previously published studies (Vernon, 1968 (Vernon, , 1970 ) is shown in Fig. 8 , with our results for comparison.
Given this information we are now in a position to compare textural data from a range of environments to determine their degree of approach to textural equilibrium. We begin this process with the glass-bearing enclaves from Kula and Santorini. These provide us with the opportunity to constrain the actual melt topology in the last stages of solidification.
Glass-bearing enclaves: super-solidus textural evolution
The medians of the amphibole-amphibole-glass and clinopyroxene-clinopyroxene-glass dihedral angle populations from the Kula enclaves are plotted against standard deviation in Fig. 9 . These form a linear trend between an end-member represented by those samples in which the grains show neither deflections at pore corners nor rounding, and one represented by the group of texturally equilibrated crystal clots in lavas. The results from the Kameni enclaves of Santorini are also plotted in Fig. 9 . The populations from this enclave suite again form a trend, similar to that from Kula, with the samples at the lower end of the trend indistinguishable from those from Kula. Given the association of decreasing dihedral angle with grain rounding in the Kula enclaves, we suggest that the Kula enclave suite records a continuous progression of textural change from an initial impingement texture, controlled only by the kinetics of crystal growth, towards one controlled by textural equilibrium (Fig. 9) . The initial angle distribution is very broad, with a high median value. Progress towards textural equilibrium involves a gradual and continual process resulting in the movement of the population towards lower angles. The amphibolemelt dihedral angle has been determined experimentally to have a median of 25 , although no 3-D statistics are available (Laporte & Watson, 1995) . Our observations suggest that the textural evolution of the glass-bearing amphibole enclaves involves a decrease of dihedral angle towards a median of 27-28 with a standard deviation of $14
. Those enclaves entrained and erupted during crystal growth contain unmodified impingement textures, whereas those in which a period of textural equilibration occurred before entrainment record successively lower median values and standard deviations.
In contrast, the trend of decreasing dihedral angle in the Kameni enclaves cannot be attributable to a process of textural equilibration. This is because the decrease in plagioclase-plagioclase-melt dihedral angle is associated with an increasing importance of diffusion-limited growth during a period of rapid crystallization (quenching). The trend from the initial impingement texture reflects a variable effect of such quenching. That this process results in a very similar trend to progressive equilibration provides a salutary reminder that dihedral angles must be considered in conjunction with considerations of grain shape and interfacial curvature. The difference in the underlying cause of changes in dihedral angle is apparent from the crystal shape. Whereas in the Kula enclaves, reduced angles are associated with rounding, The melt data were collected as part of this study. , solid data from Vernon (1968) , measured in granulite-grade metamorphic rocks. Grey squares, solid data from plagioclase-plagioclase-clinopyroxene populations measured in granulites (Vernon, 1970) . &, the granulite plagioclase-plagioclaseclinopyroxene population measured as part of this study [indistinguishable from that of Vernon (1968) ].~, the olivine-olivine-clinopyroxene population measured as part of this study. the Kameni plagioclases always have quench-related, hopper-like, overgrowths, which are clearly growthcontrolled and not part of the equilibrium form. That the two processes result in indistinguishable populations at low median angles simply reflects the fact that both trends must go through the origin.
It is also important to point out that although the establishment of low dihedral angles during textural equilibration is associated with a rounding of crystal shape and the establishment of minimum energy surfaces, changes in dihedral angle occur at a faster rate than changes in crystal shape (e.g. Laporte & Watson, 1995) , especially for coarse-grained samples (e.g. Lulupsecu & Watson, 1999, fig. 4 ). We would not expect, therefore, an equilibrium dihedral angle always to be associated with the attainment of minimum energy surfaces throughout the aggregate, especially for the larger grains, but would expect to see at least some modification of grain shape and surface curvature.
What do these results imply for the evolution of cumulates? The textural observations from the glass-bearing enclaves demonstrate that it is possible to tell whether the pseudomorphing, interstitial phase in completely solidified cumulates inherited an impingement porosity or a more texturally equilibrated porosity (we consider it unlikely that the quench-modified porosities identified in the Kameni enclaves will be applicable to cumulates). We now discuss the dihedral angle populations in the Rum cumulates in the light of this.
Cumulates: sub-solidus textural equilibration Figure 10 shows the median and standard deviation of the plagioclase-plagioclase-clinopyroxene angles in the Rum allivalites. These form a continuous elongate field linking the impingement end-member (defined by Kula amphibole and clinopyroxene and Kameni plagioclase) with the solid-state equilibrium position. Comparison of frequency plots for glass-bearing enclaves with those from the Rum allivalites demonstrates that the samples with the lowest median angles from Rum have dihedral angle populations that are indistinguishable from impingement textures. We infer that the starting texture for the clinopyroxene in the allivalites (i.e. the interstitial material in the troctolites, and the elongate apophyses emanating from the cumulus grains in the gabbros) was controlled entirely by the impingement of plagioclase. This conclusion is reinforced by an examination of the gabbroic enclaves in the Icelandic lava. In these enclaves the plagioclase grains have well-developed crystal faces defining the shape of the interstitial clinopyroxene (Fig. 11a) . There are also significant numbers of plagioclase crystal faces defining the shapes of interstitial clinopyroxene in the Rum allivalites (Fig. 11b) , although the slower cooling of the latter has permitted significant sub-solidus textural modification. What is clearly discernible in the Icelandic enclaves has been modified almost to the point of being unrecognizable in the Rum allivalites. Figure 12 shows a selection of frequency plots for the population of Rum allivalites shown in Fig. 10 . It is suggestive of a continuous process of angle change, with the initial broad spread of angles tightening and moving towards equilibrium. In this case, however, equilibrium involves an increase, rather than a decrease, in median angle.
The effect of compaction on the porosity of a meltbearing crystal mush merits mention here. Critically, the Kameni enclaves show no signs of compaction-the plagioclase grains are randomly oriented. There is a similar lack of alignment of the plagioclase in the Icelandic enclaves. The similarity of the consequent impingement Fig. 9 . , the populations measured in granulites (Vernon, 1968 (Vernon, , 1970 Holness, 2005) .
angle population of these uncompacted samples to the initial population of the Rum allivalites suggests that the Rum allivalites were not significantly compacted at the time of clinopyroxene nucleation. The common presence of a strong alignment of plagioclase in the Rum allivalites (e.g. Fig. 7b ) suggests that (?shear-enhanced) compaction did indeed occur (e.g. Lo R e e et al. , 2003) . However, clinopyroxene is commonly concentrated near cumulus olivine grains, where the plagioclase does not show a strong alignment. The strongest alignment of plagioclase is found in essentially clinopyroxene-free regions (Fig. 11b) . We suggest that shear-enhanced compaction and alignment of plagioclase reduced the residual porosity everywhere except near olivine grains. The large olivine grains locally held open the plagioclase framework, preventing alignment of plagioclase and resulting in a heterogeneous distribution of melt, and hence clinopyroxene, with a non-compacted, random, initial impingement angle distribution.
The olivine-olivine-clinopyroxene angles from the Rum peridotites are shown in Fig. 13 , annotated to show populations obtained from different regions of the poikilitic pyroxene grain depicted in Fig. 6 . Although the olivine-olivine-clinopyroxene angles also show a range between low and high angles, the low angles are much lower than the plagioclase-plagioclase-clinopyroxene angles in the Rum allivalites. We suggest that these lowest angles are inherited from a texturally equilibrated meltbearing precursor. Support for this comes from observations of individual grain junctions. Those with the lowest dihedral angle have smoothly curved olivine grains, consistent with the olivine grains being in equilibrium with the interstitial melt phase (Fig. 2b) . At the time of crystallization of the clinopyroxene (and final solidification), the topology of the interstitial melt in the peridotites was thus fundamentally different from that immediately prior to complete solidification in the adjacent allivalites.
RATES AND MECHANISMS OF CHANGES IN DIHEDRAL ANGLE
We have shown that it is possible to differentiate between melt-bearing equilibrium and impingement textures using the population of true 3-D dihedral angles. We have also shown that suites of related rocks show a variety of dihedral angle populations intermediate between textural disequilibrium and equilibrium. This is contrary to the accepted theory of change in dihedral angle, which is based on the assumption of an instantaneous establishment of the equilibrium dihedral angle at the pore corner (Mullins, 1957) . Evidence that dihedral angle change is effected by the movement of grain boundaries on a lengthscale of $10 mm is provided in Fig. 2c . Here the olivineplagioclase grain boundaries show marked changes of curvature some distance from the olivine-olivineplagioclase boundary, with essentially planar interfaces at the junction. The angle between these, the observed dihedral angle, is greater than the olivine-olivine-melt angle, but less than the solid-state equilibrium angle. According to the theory developed for the establishment of grain boundary grooves (Mullins, 1957) , this observed angle should actually be the solid-state angle.
We suggest that the underlying assumption of constant dihedral angle used by Mullins (1957) in constructing the theory of grain boundary grooving is incorrect. Instead, we suggest that the establishment of a new dihedral angle, either at the high-angle intersections of a grain boundary with an initially planar interface (i.e. grain boundary grooving), at the junction formed by impingement of growing crystals, or consequent to the replacement of melt by a solid, occurs by a gradual process involving the swinging round of relatively large areas of interface, in the manner of an opening or closing book. None of the work based on the Mullins model of grain boundary grooving (all of which is published in the metallurgical literature) has challenged the assumption of a constant dihedral angle. However, recent advances in surface imaging (such as atomic force microscopy) have provided the opportunity to measure the dihedral angle formed at the base of the grain boundary grooves, which are typically extremely small (a few microns wide and $0Á1 mm deep) in the metallurgical experiments. This new work, by Zhang et al. (2002) and Sachenko et al. (2004) , shows that the dihedral angle does in fact decrease with groove evolution in tungsten, from the initial 180 to 150 by the end of the experiment, with a decreasing rate of angle change with time. However, the assumption of constant dihedral angle was not questioned in these studies. Instead they suggested that the surface energies are changing during the experiment as a result of changes in surface composition (Zhang et al., 2002; Sachenko et al., 2004) . Evidence that the variety of angle populations observed in suites of related rocks are actually individual snapshots of a continuous process is provided by detailed observation of single poikilocrysts in the Rum peridotites.
The clinopyroxene poikilocrysts grew outwards from a central nucleus, with a concentration of the last-solidified melt identifiable by the concentrations of primary hydrous magmatic phases at the poikilocryst margins. This means that the central region of the poikilocryst is the oldest, with the margins having formed last. The olivineolivine-clinopyroxene dihedral angle population in the central part of the poikilocryst is significantly closer to Rum, plag-plag-cpx Fig. 13 . Populations of true 3-D clinopyroxene-olivine-olivine dihedral angles in peridotitic cumulates of Rum compared with the equilibrium melt-olivine-olivine angles (), the clinopyroxene-plagioclase-plagioclase angles from the Rum allivalites and the solid-state equilibrium clinopyroxene-olivine-olivine population measured as part of this study. The poikilitic clinopyroxene grain in Fig. 6 has distinct variations in populations for the different regions-the edgemost angles are generally lower than those in the rest of the grain. The dashed line shows a suggested trajectory for dihedral angle populations during the progression from an inherited pore structure towards solid-state equilibrium.
solid-state equilibrium than that of the margins, which is close to a plausible equilibrated olivine-olivine-melt starting position (Fig. 14) . This is clear from the curvature of the olivine grain boundaries: at the margins, the junctions between two olivine grains show very little deviation from the smoothly curved low-angle geometry expected for solid-melt equilibrium (Fig. 2b) , whereas at the centre, extensive modification is present (e.g. Fig. 2c ). There are no factors other than time that can account for this difference. The modal concentration is the same throughout the poikilocryst, and it is not possible to change the composition of the clinopyroxene (which is probably zoned, although we did not examine this) sufficiently to significantly alter interfacial energies. Hence we are forced to the conclusion that the differences reflect a variation in the period of time available to change the dihedral angle population from a melt-present one towards a melt-absent equilibrium state.
A similar conclusion must be reached for the clinopyroxene poikilocrysts in the allivalites. In these, the rounded nature of the enclosed plagioclase grains contrasts strongly with the euhedral plagioclase grains at the poikilocryst margins. This clear variation in the extent of textural equilibrium is also correlated with a difference in the dihedral angle population, with higher values in the more equilibrated central region compared with the margins.
The change in the shape and position of the frequency plot for the olivine-olivine-clinopyroxene angles (Fig. 14) must then reflect snapshots in a continuous process of changing dihedral angle, which occurred on a time-scale commensurate with that of growth of the poikilocryst. If this is correct, then the path of the dihedral angle population in the transition from a melt-bearing equilibrium towards solid-state equilibrium is different from that of a transition from a melt-bearing impingement texture towards solid-state equilibrium. The latter involves a straight trend on the median versus standard deviation plot ( Fig. 1 , and black dots in Fig. 10 ), whereas the former involves an initial steep increase in standard deviation from the melt-bearing equilibrium distribution with little corresponding increase in median angle (Figs 1 and  13) . The median angle then increases with little change in standard deviation until the solid-state equilibrium is closely approached.
A further, larger scale, example is provided by analysis of a suite of allivalite samples collected at progressively greater distances below a late intrusive body of picrite (now solidified to peridotite). Holness (2005) showed that the median angle in these rocks increases from $90 to 104 with proximity to the contact with the heat source, consistent with a low initial dihedral angle population that attained various stages in the approach to solidstate textural equilibrium.
Pertinent to a discussion of the rates of textural equilibration is the question of why we see such a fundamental difference in the topology of the interstitial melt in the peridotites compared with the allivalites. The most likely explanation is simply that olivine surfaces equilibrate more rapidly with melt than do plagioclase surfaces. Given the greater complexity of the plagioclase crystal structure, and the necessity for coupled diffusion of CaAl:Na-Si, this is plausible, although we are not aware of any published experimental studies comparing the two. The difference may also be controlled by the extent of supercooling during crystallization. If the melt is significantly more supercooled during the growth of plagioclase, then crystal growth will be rapid, with a consequent development of impingement textures.
That the difference in pore topology is probably a universal feature of basaltic systems is shown by the Icelandic enclaves. The olivine aggregates in these lavas (and also in the Rum parental picrite, M9) are in textural equilibrium with the host liquid, at least on the scale of the pore corners (Fig. 5b) . In contrast, the plagioclasebearing enclaves show no signs of textural equilibration with the interstitial liquid, with impingement textures, and simple infilling of the impingement-controlled porosity by interstitial clinopyroxene (Fig. 11a) .
Why do the Kameni plagioclase frameworks show significant quench-related modification of two-grain junctions whereas the Icelandic ones do not? We suggest this is the result of a fundamental difference in the two magma chamber systems. The volcanism at Santorini forms long-lived chambers dominated by cooling and fractionation, whereas that in Iceland forms hot, shortlived, chambers. It is much more likely that a significant thermal difference could develop between replenishing magma and the contents of the replenished chamber at Santorini, compared with Iceland.
There is little published work on the rates of textural equilibration, in either melt-bearing or solid systems, but an idea of the rates of sub-solidus textural equilibration can be obtained from plausible cooling and crystallization rates for magma chambers. Layers in the Rum chamber are typically of the order of 1-10 m thick, with thermal time constants of 1-100 days, suggesting that changes of dihedral angle in the sub-solidus can occur on this timescale. This is of the same order as the 4-15 days found by Holness et al. (1991) for attainment of equilibrium angles in calcite-olivine aggregates, and suggests that the timescale for growth of the 1 cm scale clinopyroxene poikilocrysts in the Rum allivalites is of the order of days or weeks.
The variation in dihedral angle between regions outside the clinopyroxene poikilocrysts and regions within the poikilocrysts preserves information about the solidification process in the allivalitic cumulates. If the solidification front were an infinitely thin plane the clinopyroxene should all form simultaneously as the solidification front passed upwards through the mush (assuming a simple ternary eutectic system). This would result in a constant dihedral angle within any one thin-section sized allivalite sample. However, the variation in dihedral angle across poikilocrysts, together with the fact that the foliation, defined by alignment of plagioclase laths, wraps around the poikilocrysts, shows that the growth of the poikilocrysts occurred significantly before compaction and final solidification of the mush. Clinopyroxene thus grew during a time interval, which translates to a depth interval within the mush, demonstrating that the solidification front had a finite thickness. This finite thickness is controlled perhaps by kinetic constraints of nucleation, with poikilocrysts the result of inhibition of clinopyroxene nucleation. Growth of further, interstitial, clinopyroxene and complete solidification of the mush would then occur once the mush was sufficiently supercooled to overcome the nucleation barriers.
CONCLUSIONS
A close examination of dihedral angles in natural samples demonstrates that the idea of two possible end-member textures in melt-bearing rocks is correct. Systems in which crystal growth dominates have a pore structure controlled by the impingement of growing grains. For randomly oriented crystals of plagioclase, amphibole and clinopyroxene this results in a population of angles at two-grain junctions with a median of about 60 and a standard deviation of about 25
. Such an angle population is associated with growth-controlled crystal shapes and flat interfaces at two-grain junctions. For systems in which textural equilibration dominates, the angles at twograin junctions are much lower, with a median of 27-28 and a standard deviation of about 14
. These values are in agreement with experimentally determined dihedral angles for melt-bearing systems containing feldspar (Laporte et al., 1997) , amphibole (Laporte & Watson, 1995) and olivine (e.g. Bulau, 1982; von Bargen & Waff, 1988) , and are associated with more rounded crystal shapes and the presence of at least some curved interfaces at two-grain junctions. Consideration of crystal shape can be used to distinguish systems in which a period of rapid, diffusion-limited, crystallization resulted in modification of two-grain junctions. Although quench growth can reduce the angle at two-grain junctions, producing angle populations indistinguishable from those produced by textural equilibration, the crystals will have elongate protuberances indicative of diffusion-limited growth (e.g. Laporte & Watson, 1995) . Examination of dihedral angles in suites of completely solidified cumulates can be used to determine whether the residual porosity in the solidifying mush was dominated by grain growth or textural equilibration.
The work presented here demonstrates that equilibration of textures with disequilibrium dihedral angle populations occurs as a continuous process, with a gradual movement of the entire population towards the equilibrium final state. If the initial, pseudomorphed state is one of disequilibrium (i.e. a melt-present impingement texture) this change is accompanied by a reduction in the spread of the population. If it is one of equilibrium, the change is accompanied by an initial increase in the spread of the population, followed by a decrease. Our results provide an opportunity to constrain the timescales of magmatic processes. Essential to the progress of this novel approach is the determination of rate laws for textural change.
